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Abstract 18 
This study was conducted to investigate the effects of incubation temperature on 19 
mineralization of native pools of C from a soil with a history of manure application, compared 20 
to a non-manured soil.  Net C mineralization, microbial community structure, biomass size, and 21 
metabolic quotient (qCO2) were measured.  Mineralization at cooler temperatures followed 22 
zero-order kinetics, indicating a non-limiting supply of substrate.  First-order kinetics 23 
dominated at warmer temperatures as substrate supply increasingly limited microbial 24 
respiration.  The soil with a history of manure application had a larger microbial biomass than 25 
the non-manured soil, and higher rates of C mineralization.  There was a trend towards 26 
decreased biomass sizes with increasing incubation temperature.  Bacterial DNA T-RFLP 27 
profiles were affected by incubation temperature and time with a significant difference in 28 
community structure detected after soils had been incubated for 120 days, as well as after 29 
incubation at 35
o
C.  Fungal DNA T-RFLP profiles indicated a distinct community in soils 30 
incubated at 35
o
C, regardless of the length of the incubation.  The key findings from the study 31 
were that C mineralization from native pools of organic matter does not follow Arrhenius 32 
kinetics at high temperatures, and that incubation of soils outside of their normal temperature 33 
range can alter soil biological characteristics which may impact estimates of mineralization 34 
parameters.  35 
Keywords 36 
Microbial community structure/ metabolic quotient/microbial biomass/ soil temperature 37 
response 38 
39 
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1. Introduction 40 
Arrhenius kinetic theory is commonly used to describe temperature effects on 41 
decomposition in soils. This theory is derived from fundamental chemistry and applies in 42 
situations where substrate is non-limiting and the size of the pool of substrate is not affected by 43 
temperature. However, many scientists have acknowledged that the observed temperature 44 
effects on soil C mineralization in incubation studies cannot be explained purely by Arrhenius 45 
kinetics [11, 23].  In most cases in soils, substrate limitation inhibits microbial activity [11, 37]; 46 
therefore, relying on an Arrhenius approach when modelling temperature effects on 47 
decomposition might result in unreliable predictions.  Furthermore, the assumption that the size 48 
of the pool of potentially mineralizable substrate in the soil remains constant at all temperatures 49 
has been challenged in a range of studies [9, 10, 14, 27].   50 
In spite of the recognized limitations of first-order, Arrhenius approaches to modelling 51 
soil C and N dynamics, a more appropriate alternative method has not yet been agreed upon.  52 
The incorporation of more biology into decomposition models has been suggested to improve 53 
the accuracy of predictions [31, 35].  There are a number of ways in which soil biological 54 
processes could be affected by temperature, and thereby result in observed temperature effects 55 
on net C and N mineralization.  For example, microbial biomass size, which can affect the 56 
capacity of the community to metabolize substrate, may be affected by temperature.  Fang et al. 57 
[15] have argued that “the association between respiration rate and microbial biomass C (Cmic) 58 
during incubation suggests that the variation in microbial biomass may be a major cause of 59 
temporal changes in soil respiration”.   60 
In Arrhenius approaches to modelling decomposition, the differences in soil biological 61 
characteristics which may impact on the process, including microbial biomass size and 62 
structure, are assumed to be incorporated within the first-order (k) or zero-order (z) rate 63 
constants: a larger capacity to metabolise substrate will be reflected in larger values for the rate 64 
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constant.  It is also assumed that the temperature response of the rate constant will be the same, 65 
regardless of the size or structure of the microbial community.  But different management 66 
practices, including a history of manure use, or the incorporation of a long-term ley crop in the 67 
rotation, could result in microbial communities with significantly different sizes and structures, 68 
on the same soil type within the same climatic zone [16], and it has not yet been proven that 69 
temperature responses of the first-order or zero-order rate constants are the same where 70 
microbial community characteristics differ.  This uncertainty has implications for modelling of 71 
decomposition, as it will determine whether it is important to explicitly include measured soil 72 
biological characteristics, as input parameters in decomposition models.   73 
As well as changes in microbial biomass size, changes in microbial community 74 
composition could result in changes in the capability to metabolise specific substrates.  Within 75 
the soil microbial community there is a huge diversity of taxa.  Gans et al. [18] estimated that a 76 
typical non-contaminated soil contained 8.3 x 10
6
 species of bacteria.  Within this diverse 77 
microbial community there are a range of functional groups adapted to consume specific 78 
substrates.  These communities may have differing temperature optima and hence the 79 
dominance of a particular functional group of decomposers may change as temperatures alter.  80 
Larkin et al. [24] reported differences in substrate specificities, estimated using the community 81 
level substrate utilization method, and differences in microbial community structure indicated 82 
by changes in fatty acid methyl ester profiles, for soils incubated at 18
o
C compared with 25
o
C.  83 
Andrews et al. [2] reported the use of lower quality substrates in soils incubated at higher 84 
temperatures.  These changes in substrate specificities with temperature could lead to 85 
temperature-driven changes in the size of the mineralizable pool of substrate predicted by the 86 
first-order model. 87 
Temperature-driven differences in microbial community assimilation (eass; assimilated C 88 
per unit C consumed) and production (eprod; biomass-C per unit assimilated C) efficiencies 
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could alter the proportion of C respired for every unit of C metabolized.  Andren et al. [1] 90 
established assimilation and production efficiencies for a number of functional groups in soils, 91 
that are commonly used in soil food web models.  For example, in de Ruiter et al.’s [12] food 92 
web model of N mineralization, both bacteria and fungi are assigned production efficiency 93 
(eprod) values of 0.30, which means that 30% of carbon consumed is apportioned to biomass 94 
production while the remaining 70% is respired.  In the same model protozoa have eprod values 95 
of 0.40, indicating that communities with high populations of protozoa partition more C for 96 
biomass and respire a smaller proportion of utilized substrate as CO2. 97 
Overall efficiency of substrate use (the combined effects of production and assimilation 98 
efficiencies) is also affected by the quality of substrate consumed [20].  Readily available 99 
substrates like glucose can have substrate use efficiency as high as 70%, while more recalcitrant 100 
substrates may have an efficiency of use of only 15 to 20%.  So if temperature alters the type of 101 
substrate metabolized, it may also alter the proportion that is released as CO2. 102 
We can postulate about the effects of temperature-driven changes in substrate use 103 
efficiency of the soil microbial population; however, it is difficult to measure the effects on 104 
each functional group separately in a natural soil system.  In soil incubation studies respiration 105 
of the whole soil microbial community is generally measured.  Efficiency is commonly 106 
reported as metabolic efficiency or the metabolic quotient (qCO2), which is calculated as the 107 
rate of basal respiration per unit biomass, and expressed as mg CO2-C mg
-1
 Cmic per unit time 108 
[16].  This measure is not directly related to eass or eprod; however qCO2 has been related to the 109 
complexity of the microbial food web with lower values indicating higher efficiency and food 110 
web complexity (Fliessbach et al 2007).   Higher levels of qCO2 have been linked to nutritional 111 
stresses (i.e. substrate limitations), increases in the bacterial to fungal ratio [22], and 112 
communities in the initial stages of development with a high ratio of active to dormant biomass 113 
[5]. 114 
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In this study we selected soil from an experiment that included two different manure 115 
management treatments: zero manure additions (M0) and 300 kg manure-N ha
-1
 y
-1
 (M300).  116 
We expected the soil from the treatment receiving annual applications of semi-solid cattle 117 
manure to have a relatively large, labile pool of soil organic matter (SOM), while in contrast we 118 
expected there to be less labile SOM in the soils that had received no amendments for the 119 
previous ten years.  We also expected the soil microbial communities to differ between the two 120 
manure treatments, and for these substrate quality and microbial community differences to 121 
impact the kinetics of C mineralization (i.e. shape of the mineralization curves and response to 122 
increasing temperature).   123 
The objectives of this research were to: (1) determine the effects of temperature on the 124 
potentially mineralizable pool of substrate (C0) and the first-order (k) or zero-order (z) rate 125 
constants of C mineralization, (2) investigate temperature effects on soil biological 126 
characteristics (microbial biomass size, metabolic quotient and community structure), and (3) 127 
determine if temperature effects on decomposition parameters and soil biological processes 128 
were the same in a soil with two contrasting  manure management histories.   129 
2. Materials and methods  130 
2.1. Site and soil 131 
The study site was a long-term forage fertility trial located at the Agriculture and Agri-132 
Food Canada Research Station at Nappan, Nova Scotia, Canada (45
o
 45’ N, -64
o
 14’) on a 133 
Gleyed Eluviated Sombric Brunisol (Typic Eutrochrept in US classification).  The soil is an 134 
imperfectly drained, coarse loamy till, with < 5% gravel by volume [43].  The site was seeded 135 
to timothy (Phleum pratense L., cv Champ), a forage species common to the area, in the spring 136 
of 1994.  The control and manure treatment plots were first established in the spring of 1995, 137 
and continued annually until 2004, as part of a field experiment with a randomized complete 138 
block design (four replicate blocks). Forage was harvested for silage up to three times per year 139 
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when growing conditions allowed.  The manure treatment (M300) received an annual early fall 140 
application of semi-solid beef cattle manure at a rate of 300 kg total N ha
-1
.  The control 141 
treatment (M0) received no amendments throughout the experiment.   142 
In July 2004, a sample (20 x 5 cm diam. cores; ~ 2 kg fresh weight) was collected from 143 
the top 15 cm of each treatment in replicates 1, 2 and 3 of the field experiment.  The sample 144 
from each plot was passed through a 4 mm sieve and divided into four equal portions which 145 
were pre-conditioned at the actual field water content for each plot (see Table 1) for four weeks 146 
at each of the following temperatures: 5, 15, 25 and 35
o
C.  A subsample (~200 g fresh weight) 147 
was air dried at 22
o
C, passed through a 2 mm sieve, and used for determination of soil pH (1:1 148 
water), organic C and total N (LECO CNS-2000, LECO Corporation, St. Joseph, Michigan).  149 
These initial soil characteristics are shown in Table 1. 150 
2.2. Experimental setup 151 
The experiment was a factorial design consisting of two levels of manure treatment 152 
(M0, M300) and four levels of temperature (5
o
C, 15
o
C, 25
o
C, and 35
o
C) and analyzed as a 153 
randomized complete block design.  Each experimental unit consisted of a 29 x 14 x 14 cm 154 
food storage box containing 22 identical microcosms (shell vials, 44 ml; 2.9 cm OD x 4.4 cm 155 
height) of pre-weighed, field moist soil (approximately 10 g dry basis) mixed with an equal 156 
mass of acid-washed 20 mesh Ottawa sand to give a homogenous mixture and prevent particle-157 
size segregation during transfer to the shell vials [36].  Each box contained an additional shell 158 
vial containing 0.1 M HCl (acidified water 0.1 M HCl) to maintain humidity in the box, and a 159 
shell vial containing 5 ml of 1 M KOH to trap CO2.  KOH traps were removed periodically and 160 
titrated to determine CO2 release during the previous time period.  Soil water was adjusted 161 
gravimetrically throughout the experiment so that samples were always within the field 162 
moisture range listed above [17].  The total number of experimental units was 24, reflecting the 163 
6 soil samples collected from the field (3 field reps X 2 treatments) incubated at each of 4 164 
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temperatures.  An additional box containing only the acidified water vial and the 1 M KOH 165 
CO2 trap was included for each temperature in order to account for ambient CO2 levels in 166 
mineralization calculations.   167 
2.3. Net C mineralization measurements 168 
Sampling was conducted as outlined in Table 2 to monitor net C mineralization.  169 
Quantification of CO2 in each trap was determined on each sample day by titration with 170 
standardized 0.4 M HCl using phenolphthalein as an indicator.  The rate of respiration was 171 
calculated as the mg CO2-C kg
-1
 oven dry soil in the experimental unit divided by the number 172 
of days since the last quantification.   173 
2.4. Microbial biomass and qCO2 174 
The chloroform fumigation extraction (CFE)  method [38] was used as an index of the 175 
soil microbial biomass.  The sampling schedule for CFE flush C measurements is outlined in 176 
Table 2.  On each sample day two vials were removed for biomass analysis: one vial was used 177 
for the pre-incubation extraction of C and the second vial was for the post-incubation C 178 
extraction.  Extracts of 0.5 M  K2SO4 were analyzed for extractable organic carbon (EOC) 179 
using a Technicon Autoanalyzer II (Technicon method #455-76W/A).  The metabolic quotient, 180 
qCO2, was calculated as the average daily rate of C respiration over the most recent preceding 181 
measurement period, divided by the CFE flush C. 182 
An analysis of the temperature response of the metabolic quotient was conducted in MS 183 
Excel by comparing the measured values for qCO2 with values predicted using a Q10 value of 2.  184 
Predicted values for a reference temperature of 5
o
C were compared with a reference 185 
temperature of 35
o
C.  The root mean square error (RMSE) and coefficient of determination (R
2
) 186 
were used to assess the goodness of fit of the predicted values to the measured qCO2 values. 187 
     188 
2.5. Microbial community diversity and structure 189 
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A vial from each experimental unit was removed from the boxes on the same days as 190 
the microbial biomass measurements were taken, and immediately placed in a freezer at -20
o
C.  191 
These samples were later freeze dried in order to preserve the nucleic acids [29] and stored at 192 
room temperature.  DNA was extracted using a high throughput, phenol-chloroform method as 193 
described in Deng et al. [13]. 194 
Bacterial and fungal DNA were amplified by PCR using a nested approach in order to 195 
produce bands of equal intensity across samples as judged by agarose electrophoresis.  Forward 196 
and reverse primers of second round PCR products were 5’labeled with fluorescent sequencing 197 
dyes (Applied Biosystems Inc., Freemont, Calif.).  For bacteria, the 16SrDNA gene was 198 
amplified using 27f (5’-AGA GTT TGA TCC TGG CTC AG) and 1494r (5’-TAC GG(CT) 199 
TAC CTT GTT ACG AC) for the first-round and 63f (5’- FAM-CAG GCC TAA CAC ATG 200 
CAA GTC) and 1405r (5’- VIC-CGG GCG GTG TGT ACA AG) for the second round.  For 201 
fungi, the ITS gene was amplified using EF3RCNL (5’- CAA ACT TGG TCA TTT AGA 202 
GGA) and ITS4 (5’- TCC TCC GCT TAT TGA TAT GC) for the first round and ITS1f (5’- 203 
NED-CTT GGT CAT TTA GAG GAA GTA A) and ITS4 (5’-PET- TCC TCC GCT TAT TGA 204 
TAT GC) for the second round.  PCR conditions were 4 min at 94
o
C, followed by 35 cycles (25 205 
cycles for the second round of bacterial PCR) of 30 s at 94
o
C, 30 s at 51
o
C, and 1 min 30 s at 206 
68
o
C, followed by a final 10 min at 72
o
C, using a DNA Engine DYAD thermocycler.  PCR 207 
success was assessed by electrophoresis in ethidium bromide agarose gel (1.5%) with TBE as a 208 
buffer, and visualized under UV light.  Negative controls were carried through from the first 209 
round to the second round of PCR to monitor contamination.  210 
Terminal restriction fragment polymorphism (T-RFLP) was selected as the most 211 
efficient method for identifying treatment effects on microbial community structure, 212 
considering the large number of samples included in this study.   Bacterial and fungal 213 
community diversity and structure were assessed using T-RFLP data where individual peaks on 214 
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each profile were assumed to represent distinct operational taxonomic units (OTU).  Each OTU 215 
was treated as analogous to a species for the purposes of structure and diversity analysis [19].  216 
Terminal restriction fragment length polymorphism  was conducted by subjecting the second 217 
round PCR product to restriction enzyme digestion using AluI for bacterial DNA and HinfI for 218 
fungal DNA.  In the restriction enzyme digestion step, 5 µl of PCR product was digested with 1 219 
µl of dilute (1:1) restriction enzyme (0.5 U) at 37
o
C for two hours followed by a 10 minute 220 
enzyme denaturation step at 65
o
C.  The digested PCR product was further diluted 1:10 with 221 
molecular grade ultra-pure water and 1 µl mixed with 8.95 µl of formamide and 0.05 µL of an 222 
internal length standard (LIZ, Applied Biosystems Inc., Freemont, Calif.).  The terminal 223 
restriction fragments marked with fluorescein were analysed by electrophoresis with an 224 
automated DNA sequencer (ABI  PRISM
TM
 3730).  Blank samples (negative PCR controls 225 
from the second round PCR and water controls) were also digested and analyzed.  Post run 226 
analysis was performed using GeneMapper (ABI) to allow peak sizing (maximum relative 227 
fluorescence for each peak) and generation of a peak area for each identified peak.  A fixed bin 228 
width of 5bp was used as in preliminary analysis this produced uniform and stable peak 229 
identification.  Data were then processed to yield peak relative flourescence with subsequent 230 
removal of peaks representing less than 1% of total fluorescence in each sample.  Hellinger 231 
transformation was performed to reduce the effect of dominant peaks [3]. 232 
Differences in microbial community structure were assessed by principal components 233 
analysis of the Hellinger transformed T-RFLP data matrix (consisting of relative fluorescence 234 
units for each fragment size) in Minitab® version 14.1.  Principal component scores were 235 
analysed using univariate approaches as described in section 2.7. 236 
Univariate measures of diversity were calculated using the non-transformed T-RFLP 237 
data matrix.  Shannon’s diversity index (H') was calculated using the following equation: 238 
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 239 
where S represents the total number of fragments present in each sample and P represents the 240 
relative abundance of a given fragment size.  Band richness (S) and evenness (E, calculated as 241 
Shannon’s diversity index divided by the log10 of the number of fragments) were also 242 
calculated.     243 
2.6. Curve fitting of C mineralization data 244 
Curve fitting of native C mineralization data was performed by fitting incremental 245 
models for zero-order and single-pool first-order (SPE) mineralization to the C mineralization 246 
data for each measurement period.  For the zero-order model the incremental model used was 247 
Cit = zi 248 
where Cit is the amount of C released during interval i preceding time t, in units of mg C kg
-1
 249 
soil and z is the zero-order rate constant in units of mg C kg
-1
d
-1
.
 
 250 
For the SPE model, the incremental model was 251 
Cit = C0e
-kt
 (eki-1) 252 
where Cit is the amount of C released during interval i preceding time t, in units of mg C kg
-1
 253 
soil and k is the first-order rate constant in units of d
-1
 and C0 is the maximum potentially 254 
mineralizable C in units of mg C kg
-1
 soil. 255 
The incremental data for the three replicates was pooled for the curve-fitting procedure 256 
so that one curve was fit for each temperature by treatment combination using the nonlinear 257 
models procedure in GenStat 8
th
 edition (VSN International Ltd,  Rothamsted, UK). Upper and 258 
lower limits were set for the parameters when fitting the models to the data.  The relative rate 259 
constant (k) for the SPE model was constrained to a range of 0.0001 to 0.1 d
-1
.   260 
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The models were compared by computing an F statistic to determine if the more 261 
complex model, i.e. the SPE model, improved the fit significantly over the zero order model.  262 
This extra sum of squares F statistic was calculated as: 263 
Fextra =  [(SS1-SS2)/(df1-df2)]/(SS2/df2) 264 
where SS1 and SS2 refer to the residual sum of squares, and df1 and df2 refer to the number of 265 
degrees of freedom of the simpler and more complex model, respectively [8, 30].   266 
A model was selected only if the P-value of the extra sum of squares test was less than 267 
0.10 and the standard errors of the parameter estimates were less than the value of the estimates 268 
themselves.  Confidence intervals for the parameter estimates were calculated as t
*
SE, where t
*
 269 
is a constant taken from the t distribution.  Since the number of degrees of freedom for each 270 
parameter estimate was always greater than 12, a value of 2 for t
*
 (for 95% confidence) was 271 
used to calculate the confidence intervals [30].  Differences between parameter estimates were 272 
assessed by checking if the 95% confidence intervals overlapped. This is a relatively 273 
conservative method for comparing parameter estimates, which may result in an actual 274 
probability of overlap of approximately 99% [33]. 275 
2.7 Statistical analysis of univariate data 276 
Treatment effects on principal component scores, diversity indices, microbial biomass 277 
and qCO2 data, were analyzed by analysis of variance of a linear mixed effects model, using the 278 
lme function in R version 2.6.0 with the maximum likelihood method [7, 34] and the random 279 
error term (Rep/Time) specified to reflect the  nested structure of the design [39].  The maximal 280 
model (including temperature, manure treatment and time, as well as all interaction terms) was 281 
fit initially and then simplified according to the model simplification procedure described in 282 
Crawley [7] where non-significant terms are dropped from the model.  The simpler model was 283 
used for further analysis where there was no significant difference (P>0.05) in Akaike’s 284 
information criterion (AIC) between the two models.  Terms not included in the model are 285 
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shown as ns (not significant) in the results tables.  The normality of the residuals of all models 286 
was tested using QQ-plots and data were cube root transformed when necessary to meet the 287 
criteria of normal data distribution [6].  Means were compared using Tukey contrasts and the 288 
multcomp procedure as outlined in Crawley [7].   289 
3.0 Results  290 
3.1. C mineralization  291 
C mineralization from soils that had no history of manure application followed zero-292 
order kinetics at 5 and 15
o
C and first-order kinetics at the two warmer temperatures (25 and 293 
35
o
C) (Fig. 1a).  The 95% confidence intervals for the  zero-order rate constants overlapped at 5 294 
and 15
o
C indicating no significant differences between the two values (i.e. the average daily 295 
rate of C mineralization), although numerically the value at 15
o
C was higher.  Likewise, the 296 
confidence intervals for both the C0 parameter and the first-order rate constants overlapped at  297 
25 and 35
o
C, indicating no difference in these parameters, although the potentially 298 
mineralizable C pool was numerically greater at 35
o
C. 299 
For the M300 treatment, C mineralization followed zero-order kinetics only when soils 300 
were incubated at 5
o
C (Fig. 1b).  C mineralization for the M300 soil followed first-order 301 
kinetics at 15, 25 and 35
o
C and the pool of potentially mineralizable C estimated was 302 
significantly higher at the two warmer temperatures.  Confidence intervals for the first-order 303 
rate constant however, overlapped at the three warmest temperatures for the M300 soil, 304 
indicating no difference in this parameter.   305 
At both 25 and 35
o
C the first -order rate constants had overlapping confidence intervals 306 
when these parameters were compared for the M0 and M300 soil.  Likewise, at 5
o
C the 307 
confidence intervals for the zero-order rate constants overlapped, indicating that a history of 308 
manure application did not affect this parameter. 309 
3.2. Microbial biomass and metabolic efficiency 310 
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Temperature, treatment and time as well as the interaction between temperature and treatment, 311 
and temperature and time, significantly affected microbial biomass (Table 3).  On average, the 312 
M300 treatment had significantly higher microbial biomass than the M0 treatment.   313 
Microbial biomass was also significantly lower at 35
o
C than the three colder temperatures.  314 
However, at any given level of temperature except for 15
o
C, the microbial biomass values were 315 
equivalent for both management histories.  Microbial biomass declined significantly over time 316 
at 35
o
C only (data not shown).   317 
The metabolic quotient of the microbial communities was significantly affected by 318 
incubation temperature and time, as well as the interaction between these factors (Table 3).  The 319 
means comparisons confirmed the results of the ANOVA, indicating significantly higher qCO2 320 
values (i.e. lower efficiency) at 35
o
C and lower qCO2 values at 5
o
C, but no effects of soil 321 
manure treatment on the metabolic quotient.  The metabolic quotient was significantly lower on 322 
day 123 compared to the previous measurement occasions for the 35
o
C treatment only, while no 323 
significant changes over time were observed at the other three temperatures (data not shown).   324 
 Figure 2 shows the predicted and measured values for the metabolic quotient on day 55, 325 
using a reference temperature of 5
o
C and 35
o
C.  The R
2
 values for the curves when 326 
measurements in the 5
o
C to 35
o
C range were included were negative whether the reference 327 
temperature was set at 5
o
C or 35
o
C (5
o
C, R
2
=-1.14, RMSE=0.14; 35
o
C, R
2
=-0.94, 328 
RMSE=0.22).  However, when only the measurements in the 5
o
C to 25
o
C range were included 329 
in the analysis, using a base of 5
o
C resulted in a good fit of the measured qCO2 values to 330 
predicted values using a Q10 of 2 (R
2
=0.87, RMSE=0.04). 331 
3.3. Microbial community structure 332 
The first four principal components of the bacterial T-RFLP profiles accounted for 333 
51.6% of the variability in the dataset.  The primary factor influencing the structure of the 334 
microbial community was time (PC1, P=0.0109; PC2, P=0.0123).  Fig. 3a illustrates the effect 335 
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of time on the T-RFLP profiles showing that samples taken on the last day of the incubation 336 
were grouped in the lower left region of the plot.  Figure 3b shows the effect of temperature 337 
which was significant for PC1 only (P=0.0199); profiles for soils incubated at 35
o
C were 338 
separated from the three cooler incubation temperatures.  Manure treatment was significant for 339 
PC2 (P=0.025) and PC3 (P=0.0004) (data not shown). 340 
The first four principal components of the fungal T-RFLP profiles accounted for 34.4% 341 
of the variability in the dataset.  Temperature had a significant effect on PC1 (P<0.0001) and 342 
PC4 (P=0.025); manure history and time only affected PC4 (P=0.0476 for manure treatment 343 
and P=0.0435 for sample day).  Fig. 4 illustrates the effects of temperature on the fungal 344 
community structure.  It shows a strong shift in the fungal community structure at 35
o
C, with 345 
the other three incubation temperatures having similar T-RFLP profiles.    346 
None of the diversity indices for the bacterial T-RFLP profiles were significantly 347 
affected by temperature, manure treatment, or sample time (Table 4).  In contrast to the 348 
bacterial diversity results, all measures of fungal diversity were affected by temperature (none 349 
of the other main effects or interaction terms were significant; Table 4).  The fungal community 350 
at 35
o
C had a significantly lower Shannon’s diversity index than the communities incubated at 351 
5 and 15
o
C.  Similarly, species richness (S) and evenness (E) were both significantly lower at 352 
35
o
C compared to 5 and 15
o
C.  This difference in diversity appears to be due to a change in the 353 
evenness of the distribution of the fungal species at 35
o
C.  354 
4.0 Discussion 355 
4.1. Temperature effects on the model parameters and net C mineralization 356 
The model that provided the best fit to the data was selected to represent net C 357 
mineralization, but in some cases the best fit was provided by the first-order model, while in 358 
other cases it was the zero-order model.  Thus it was not possible to compare the dynamics of C 359 
mineralization (as represented by model parameters) at different temperatures if the same model 360 
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did not provide the best fit to the data. The zero-order model tended to provide a better fit to the 361 
data at low temperatures, which was a reflection of the relatively slow rates of mineralization at 362 
these temperatures.  At these temperatures enzymatic rates of metabolism probably did not 363 
exceed substrate supply.  Under these conditions C release from substrates should follow 364 
Arrhenius laws, which are based on the assumption that substrate is non-limiting [11].  365 
Kemmitt et al. [21] have proposed the regulatory gate hypothesis that states that decomposition 366 
is essentially a two stage process in which the first stage is the alteration of non-bioavailable 367 
substrates by abiotic processes to become bioavailable and the second stage is mineralization of 368 
these substrates.  At low temperatures, the abiotic processes (chemical oxidation or hydrolysis, 369 
diffusion from inaccessible soil pores or aggregates, desorption from the solid phase, or action 370 
of extracellular stabilised enzymes) that control release of non-bioavailable substrates probably 371 
occurred more rapidly than enzymatic consumption of these substrates, keeping the soil 372 
microbial population adequately supplied with substrate.  At the higher temperatures in our 373 
study, substrate became limiting since the first-order model, with a finite estimated pool of 374 
substrate, provided the best fit to the data.  The rate of the abiotic processes may not be 375 
increasing in parallel with the rate of mineralization, as temperatures increase.  This difference 376 
in temperature response between the abiotic and mineralization stages of decomposition, can 377 
lead to limitations in substrate supply at higher temperatures, and failure to meet the criteria for 378 
Arrhenius laws.   379 
4.2. Temperature effects on soil biological characteristics 380 
The main factor affecting bacterial community structure in this study was the duration 381 
of incubation.  Later in the incubation the bacterial communities changed in structure, 382 
regardless of the incubation temperature.  We expect the bacterial community later in the 383 
incubation to become dominated by types adapted to living under conditions of limited 384 
substrate supply since no additional substrates were supplied to the microcosms and C 385 
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mineralization followed first-order kinetics at higher temperatures, indicating a limited  386 
substrate supply.  Change in substrate quality as well as supply later in the incubation may also 387 
be affecting community structure [42].  Initially the more readily-available substrates would be 388 
consumed, providing energy to bacteria adapted to consume sugars and simple carbohydrates 389 
[25, 28].  As time progressed, these would become depleted, and more recalcitrant substrates 390 
would be the only type available, resulting in a shift in community towards those bacteria and 391 
fungi more adapted to metabolizing cellulose or lignin [4, 32].  The PCA of the T-RFLP 392 
profiles indicated that temperature, manure amendment, and time had significant effects on the 393 
community structure of the bacterial community; however, bacterial diversity indices were not 394 
affected by the treatments.  This finding reflects the conclusions of Hartmann and Widmer 395 
(2006) who found that the use of soil community level T-RFLP profiling allowed detection of 396 
management-dependent changes in the soil bacterial community which were not detectable by 397 
standard anonymous diversity indices. 398 
Fungal communities did not appear to be affected by the length of the incubation, since 399 
temperature was the primary factor affecting community structure.  Community structure 400 
(measured by fungal T-RFLP) and diversity indices were all significantly different at 35
o
C 401 
compared to 5 and 15
o
C.  Zogg et al. [44] also reported temperature-driven changes in bacterial 402 
and fungal community structure (as determined by PLFA) at warmer temperatures (in their case 403 
25
o
C compared to 5 and 15
o
C).   404 
The warmest incubation temperature in our study was outside the normal temperature 405 
range for these soils (in a field experiment in the same location in 2003, the maximum soil 406 
temperature measured between May 1 and September 1 was 24
o
C).  Various biological 407 
parameters, including fungal community structure, microbial biomass and metabolic quotient, 408 
were all significantly different at 35
o
C compared to the three cooler temperatures.  Common 409 
practice is to estimate potentially mineralizable C and N at 35
o
C to reduce experimental time 410 
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periods [36, 40].  These data suggest that this practice may yield inaccurate results if the 411 
incubation temperature falls outside of the soil’s normal range.   412 
We observed significant declines in microbial biomass at increasing temperatures, and 413 
increasing rates of respiration.  It remains to be seen if temperature-driven changes in microbial 414 
biomass would be as strongly expressed under field conditions where pools of C are continually 415 
being replenished.  In field studies a clear link between temperature and microbial biomass size 416 
has not been shown [41].  Lipson et al. [26] found increases in the size of the microbial biomass 417 
during winter months and linked this to substrate supply and rates of metabolism, with winter 418 
microbial communities respiring slowly and able to access sufficient carbon.  When 419 
temperatures increased respiration rate, C became limiting, and microbial biomass decreased.  420 
This pattern is similar to the response we observed in our study.   421 
The qCO2 results from this experiment provide evidence that the efficiency of the 422 
microbial community’s metabolism varied with temperature, but this could not have been 423 
completely due to changes in community structure or diversity, since neither T-RFLP profiles 424 
nor diversity indices were significantly different at  5
o
C compared to 15 and 25
o
C.  Therefore, 425 
at the lowest temperature our results indicate a change in community function, not structure.   426 
4.3. Manure treatment effects on decomposition and soil biology 427 
The M300 soil had a higher initial soil organic C content than the M0 soil which was 428 
reflected in higher predicted values for C0 at 25 and 35
o
C. Differences in the microbial 429 
community structure due to manure treatment (mainly the T-RFLP profile of the bacterial 430 
community) did not result in significant differences in the efficiency of metabolism as indicated 431 
by the metabolic quotient.  Correspondingly, the first-order rate constant was not significantly 432 
different between the two manure treatments at any given temperature.  These findings indicate 433 
that while manure treatment had increased organic C contents, altered the structure of the 434 
bacterial community (i.e. T-RFLP profile) in the soil, and increased the overall size of the 435 
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microbial biomass, it had not statistically changed the dynamics of C mineralization at any 436 
given temperature.  Therefore the microbial potential to metabolize substrate and/or the quality 437 
of the substrate was not significantly affected by a history of manure treatment.   These findings 438 
are consistent with Kemmit et al.’s regulatory gate hypothesis, where they argue that 439 
mineralization of C from soils is governed primarily by the abiotic processes that release C in a 440 
bioavailable form to the microbial community.  According to this hypothesis, the rate-limiting 441 
step is the release of substrate by abiotic processes (step one).  If this is release is only a 442 
“trickle” then regardless of the metabolic capacity of the microbiota, rates of decomposition 443 
will be primarily controlled by the abiotic processes.   When normalized to account for 444 
differences in biomass size (i.e. expressed as the metabolic quotient) C mineralization values 445 
for both treatments actually conformed quite closely to values predicted using a Q10 function 446 
over the soil’s normal temperature range using a reference temperature equal to the average 447 
annual temperature.  The similarity between the predicted and measured values in the 5 to 25
o
C 448 
range indicates that Q10 approaches to modelling temperature effects on decomposition rates 449 
could already be incorporating temperature driven changes in the metabolic quotient.   These 450 
findings indicate that temperature effects on CO2 respiration could be predicted using biomass 451 
size and specific respiration (qCO2) values at a given temperature, and a temperature response 452 
function (such as the Arrhenius function).  We did not find variations in qCO2  due to 453 
management history, in contrast to Fliessbach et al. [16] who reported values ranging from 1.09 454 
to 1.66 mg CO2-C g
-1
 Cmic h
-1
 on the same soil type, with differing management histories.  455 
Among soil types variations are likely to be greater.  So while information about the biomass 456 
size and specific respiration could be used to make C mineralization models more mechanistic, 457 
this would increase the number of measured parameters required in the model.  Further research 458 
would be needed to determine if increases in prediction accuracy would more than compensate 459 
for the added model complexity of this mechanistic approach. 460 
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This study showed that significant changes in microbial community structure, size and 461 
function can occur when soils are incubated outside of their “normal” temperature range.  For 462 
this reason decomposition parameters should be derived from incubations within the normal 463 
temperature range for the soil being studied to avoid potentially erroneous estimates of  these 464 
parameters.   This research also indicated that incorporation of the metabolic quotient and size 465 
of the biomass into decomposition models could make them more mechanistic, but further 466 
research is required to determine if the improvements in predictions would justify the added 467 
model complexity.  The results also indicate that the use of Arrhenius approaches to modelling 468 
temperature effects on decomposition may be appropriate at lower temperatures, because under 469 
these conditions substrate will be non-limiting; however, at higher temperatures when substrate 470 
supply limits decomposition, it may be necessary to consider alternative temperature response 471 
functions.   472 
473 
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Tables 591 
Table 1  592 
Selected properties of soil collected under a grass/legume forage crop from a long term fertility 593 
trial with treatments of without (M0) or with (M300) a history of annual applications of 300 kg 594 
total N ha
-1
 of semi-solid beef manure 595 
Fertility 
management 
pH Organic C
a 
mg g
-1 
Total N
a 
mg g
-1 
C:N Field water content  
g g
-1 
M0 6.1 24±2 1.5±0.2 16 0.24-0.27 
M300 6.3 30±4 2.0±0.3 15 0.26-0.31 
a
 Determined by dry combustion, means ±SD reported; n=4 596 
  597 
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 598 
Table 2 599 
C mineralization measurement and microbial biomass and DNA extraction schedule for 600 
microcosms of soil from a long term fertility trial incubated at four temperatures for up to 123 601 
d. 602 
Procedure Temperature (
o
C) D from Initiation 
Native C 
mineralization 
measurement 
5 1, 2, 4, 7, 9, 11, 14, 17, 20, 27, 34, 41, 
48, 55, 62, 69, 76, 82, 97, 111, 123 
15 2, 4, 5, 6, 7, 9, 11, 14, 17, 20, 27, 34, 
41, 48, 55, 62, 69, 75, 82, 97, 111, 121 
25 1.5, 3, 4, 5, 6, 7, 9, 11, 14, 17, 20, 27, 
34, 42, 49, 56, 61, 70, 77, 84, 98, 112, 
121 
35 1.5, 3, 4, 5, 6, 7, 9, 11, 14, 17, 20, 27, 
34, 41, 48, 55, 62, 69, 76, 83, 97, 111, 
119 
Microbial biomass, 
DNA extraction
z 
5 7, 14, 20,  55, 123 
15 7, 14, 20,  55, 121 
25 7, 14, 20,  56,121 
35 7, 14, 20,  55,  119 
z
Three vials were removed on each day: one for pre-fumigation C extraction, one for post-603 
fumigation C extraction, and one for DNA extraction. 604 
605 
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Table 3 606 
Chloroform fumigation extraction flush carbon (microbial biomass) and metabolic quotient 607 
(qCO2) for microcosms of a Nova Scotia soil from a long term fertility trial with (M300) and 608 
without (M0) a history of manure application (Trt), incubated at four temperatures (Temp) for 609 
up to 123 days (Time).   Means are the average for each treatment by temperature interaction 610 
averaged over sampling dates. 611 
Temperature Manure 
treatment 
Microbial 
biomass 
(mg C kg
-1
)
a 
n qCO2 
(mg CO2-C  
mg
-1
CFE flush d
-1
) 
n 
5 M0 103.7 ab 15 0.0090 c 15 
5 M300 162.8 a 14 0.0130 c 14 
15 M0 91.2 b 15 0.0664 b 15 
15 M300 144.8 a 15 0.0413 b 15 
25 M0 78.0 b 15 0.1127 b 15 
25 M300 115.7 ab 15 0.0728 b 15 
35 M0 39.3 c 14 0.2666 a 15 
35 M300 44.0 c 15 0.2751 a 15 
ANOVA P-values  
Temp  < 0.001  < 0.001  
Trt  < 0.001  ns  
Time 0.0236  <0.001  
Temp*Trt 0.0125  ns  
Temp*Time 0.0244  <0.001  
Trt*Time ns  ns  
29 
 
Temp*Trt*Time ns  ns  
 
a
 Means followed by the same letter in the same column are not significantly different (P<0.05) 612 
based on Tukey’s HSD test.  Both microbial biomass and qCO2 data were cube root 613 
transformed in order to satisfy the requirement for normally distributed residuals.   614 
615 
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Table 4 616 
Analysis of variance of Shannon’s diversity index (H'), species richness (S) and species 617 
evenness (E) determined from the bacterial and fungal T-RFLP profiles of a soil with two 618 
different management histories incubated at four temperatures and sampled on five days.  619 
Manure treatment, sample time and their interaction terms never contributed a significant 620 
amount to the variance of the data based on Akaike’s Information Criterion (AIC) statistic at 621 
the P<0.05 probability level.  Means are shown for each temperature averaged over manure 622 
treatment and sample time.   623 
Temperature Bacterial diversity indices
a
 Fungal diversity indices 
 H' S E H' S E 
5 1.61 30 0.48 1.63 a 29 ab 0.49 a 
15 1.57 29 0.47 1.59 ab 30 a 0.47 ab 
25 1.56 29 0.47 1.36 bc 25 bc 0.43 bc 
35 1.65 30 0.49 1.20 c 20 c 0.40 c 
ANOVA P-values  
Temp ns ns ns 0.0018 0.0007 0.0064 
 624 
a
 Means followed by the same letter in the same column are not significantly different (P<0.05) 625 
based on Tukey’s HSD test.    626 
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Figures 627 
Fig. 1 628 
Predicted (solid lines) and actual measured (dots) C mineralization versus time for a soil with 629 
(a) no history or (b) a history of manure application incubated at four temperatures for ~120 630 
days.   The mineralization parameters for the model that provided the best fit to the data are 631 
indicated in the legend. 632 
 633 
 634 
 635 
  636 
  637 
a 
32 
 
 638 
 639 
640 
b 
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Fig. 2. Measured and predicted values for the biomass specific respiration (qCO2) of a soil 641 
incubated at four different temperatures after 55 days.  A Q10 value of 2 was used to predict 642 
qCO2 using either the average 5
o
C or the average 35
o
C value as the starting point. 643 
 644 
 645 
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Fig. 3a   662 
Mean scores (±SE) of principal component 1 (PC1) and principal component 2 (PC2) of a T-663 
RFLP analysis of bacterial DNA sampled on 5 occasions (scores are averaged over manure 664 
treatment and temperature).   665 
 666 
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Fig 3b. 669 
Mean scores (±SE) of principal component 1 (PC1) and principal component 2 (PC2) of a T-670 
RFLP analysis of bacterial DNA incubated at four temperatures (scores are averaged over  671 
manure treatment and sample day).  672 
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Fig. 4.   675 
Mean scores (±SE) of principal component 1 (PC1) and principal component 2 (PC2) from a T-676 
RFLP analysis of fungal DNA incubated at four temperatures (scores are averaged over  677 
manure treatment and sample day).     678 
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